The Citron protein was originally identified for its capability to specifically bind the active form of RhoA small GTPase, leading to the simplistic hypothesis that it may work as a RhoA downstream effector in actin remodeling. More than two decades later, a much more complex picture has emerged. In particular, it has become clear that in animals, and especially in mammals, the functions of the Citron gene (CIT) are intimately linked to many aspects of central nervous system (CNS) development and function, although the gene is broadly expressed. More specifically, CIT encodes two main isoforms, Citron-kinase (CIT-K) and Citron-N (CIT-N), characterized by complementary expression pattern and different functions. Moreover, in many of their activities, CIT proteins act more as upstream regulators than as downstream effectors of RhoA. Finally it has been found that, besides working through actin, CIT proteins have many crucial functional interactions with the microtubule cytoskeleton and may directly affect genome stability. In this review, we will summarize these advances and illustrate their actual or potential relevance for CNS diseases, including microcephaly and psychiatric disorders.
Introduction
During the last few years, many studies have highlighted the complex biological roles of CIT proteins in different cells and experimental models. The purpose of this review is to summarize the studies that relate CIT-K and CIT-N to the development and function of the CNS, as well as to the connected pathologic disorders. The role of CIT-K in cytokinesis and its possible relevance in cancer have already been reviewed in detail. 1 Structure and phylogenetic history of CIT products CIT-K is the largest product of mammalian CIT, with a molecular mass of 230 kD. 2, 3 The protein displays a modular organization very similar to other members of the Myotonic Dystrophy subfamily of AGC-kinases, such as Rho-kinases (ROCKs) and CDC42BPA/ CDC42BPB (also known as MRCKs), which are the closest CIT-K relatives. 4, 5 CIT-K shares with MRCKs an amino-terminal kinase domain, followed by an extended coiled-coil region, a phorbol-ester/ DAG-type zinc finger, a Pleckstrin Homology domain (PH) and a Citron-Nik1 homology (CNH) domain. 3 In addition, CIT-K is characterized at its C-terminus by a putative SH3 partner domain, and a PDZ partner domain. 3 By analyzing public sequence databases, we have derived a phylogenetic history of these proteins (unpublished data). In particular, we have found that the basic modular organization of CIT-K and MRCKs and their phylogenetic separation from ROCKs can be clearly recognized in Choanoflagellates, which encode a putative MRCK orthologue distinct from ROCK. In contrast, CIT-K, MRCK or ROCK orthologues cannot be found in yeasts, which only show partial homologies to these proteins. The duplication that led to the phylogenetic separation between MRCK and CIT-K may date back to early metazoans, since CIT-K putative orthologues can be found in Hydras and in Sponges (unpublished data). Besides CIT-K, the CIT gene encodes CIT-N, a shorter variant that differs from CIT-K only for the absence of the kinase domain. [6] [7] [8] CIT-N is produced from an alternative transcription start site, located in the 10 th CIT-K intron in mammals. 9 It is at the moment unknown whether CIT-N is a mammal-specific protein or equivalent isoforms are also expressed in other organisms. expressed in proliferating cells, 2,3,10 while CIT-N is expressed only in the Central Nervous System (CNS), starting when the cells become post-mitotic and reaching highest levels in fully differentiated neurons. 7, [10] [11] [12] Studies in non-neuronal cells have revealed that the expression and localization of CIT-K are dynamically modulated in different cell cycle phases. Protein levels are low in G1 cells, increase during cell cycle progression and peak in mitosis. 12 CIT-K is localized to the nucleus in interphase 12 and becomes dispersed in the cytoplasm during prophase, concomitantly with increased protein levels. 12, 13 Removal of the soluble pool by mild detergent extraction revealed that, from metaphase to anaphase, CIT-K is associated with mitotic spindle and spindle poles. 13 At anaphase, CIT-K concentrates at the cleavage furrow and at the midbody, 3 and remains detectable in midbody remnants. 14 In contrast to CIT-K, CIT-N displays in both neurons and astrocytes a specific association with the endomembrane system, in particular with the Golgi apparatus. In neurons, this association is already apparent since early post-mitotic stage and increases with time. 15 As neuronal differentiation proceeds, CIT-N is found on dendritic Golgi outposts and on TGN38-positive membranes associated with dendritic spines. 9 Finally, in differentiated neurons, CIT-N is enriched in synapses, and in particular in post-synaptic densities (PSD), electron dense structures involved in associative learning. 7, 8 
Phenotypes linked to CIT genetic variants
Based on expression pattern, localization and mutants' overexpression studies, it was first hypothesized that CIT-K could be a ubiquitous effector of RhoA involved in cytokinesis. 3 This scenario is consistent with data obtained in mammalian cultured cell lines. 14, 16 In addition, Drosophila Cit-K mutants show cytokinesis failure in different districts and a late embryonic lethal phenotype, which is consistent with an essential mitotic function. 5, 17, 18 Conversely, converging genetic evidence show that in mammals the functional requirement for CIT-K is restricted to the developing CNS. 10, 19 Indeed, mutant mice totally lacking CIT-K but expressing normal levels of CIT-N are affected by microcephaly and cerebellar hypoplasia, associated with ataxia and lethal seizures. 10 During development, the affected tissues display high levels of apoptosis and high frequency of binucleated and multinucleated cells, deriving from cytokinesis failure. 10 In contrast, most of the other tissues are spared from these phenotypes, with the notable exception of the male germ line 20 and of slightly increased apoptosis levels in developing liver. 12 A similar spontaneous mutation in rats leads to an almost identical phenotype, which was named Flathead. 19, 21 Further analysis of this model showed that CIT-K is also essential for forebrain postnatal neurogenesis. 22 The discrepancy between the restricted knockout phenotypes and the general effects in rodent and Drosophila cells was initially ascribed to species-specific differences. 14 However, four independent studies have described 20 patients affected by microcephaly caused by mutations in CIT-K. [23] [24] [25] [26] The similarity between human and rodent phenotypes is further supported by the neuropathological findings of multinucleated cells and apoptosis in a patient, 23 as well as in patients-derived neural progenitors. 24 Consequently, CIT is now classified as one of the causal genes of autosomal recessive primary microcephaly (MCPH), a medical condition characterized by significantly smaller head circumference, compared to other infants of the same sex and age, and has been named MCPH17 (OMIM: 617090). MCPH17 patients share particularly severe microcephaly with simplified gyral pattern, cerebellar hypoplasia, corpus callosum agenesis, short stature, intellectual disability and spasticity. Notably, the severe drugresistant epilepsy observed in mice and rats is not found in most of the MCPH17 patients, who only in one case showed pharmacologically tractable seizures. 26 Other aspects of the mammalian phenotype can be species-specific. Indeed, at least three patients showed renal hypoplasia or agenesis and one is also showing heart defects. 23, 26 Moreover, Flathead rats have strongly disorganized retina, 21, 27 while no gross eye abnormalities were found in patients and mice. Despite these differences, the specific alteration of brain development in mammals versus the embryonic lethal phenotype in Drosophila suggest that the CNS-specific requirement for CIT-K is a relatively recent phylogenetic acquisition. Importantly, besides to protein-truncating variants, 23,24 many of the mutations identified in patients are missense substitutions leading to kinase domain inactivation 24 (Table 1) , indicating that CIT-K catalytic activity is essential for function. It is worth noting that patients bearing homozygous kinase-dead mutations show milder phenotype than the patients with homozygous null variants ( Table 1 ). In future, it will be very important to define whether the observed differences were only due to genetic background or to the difference between total protein loss and kinase inactivation.
In addition to the dramatic genetic disease produced by homozygous inactivating mutations, CIT variants have been associated with psychiatric disorders. Indeed, CIT SNPs were associated with bipolar disorder 28 and schizophrenia. 29 De novo gain-of-copy number of CIT was found in at least two cases of sporadic schizophrenia. 30, 31 Although the latter results need further support, all the available genetic data strongly point to a crucial role of CIT in mammalian brain development, which may impact on the pathogenesis of different human brain disorders.
CIT-K in proliferating neural progenitors: Many roads leading to microcephaly
Overexpression of mutant CIT-K constructs in HeLa cells leads to cleavage furrow instability during early stages of cytokinesis. 3 Moreover, CIT-K efficiently phosphorylates in vitro myosin regulatory light chain (MRLC) on both Ser-19 and Thr-18, a modification that accumulates at the cleavage furrow of dividing cells. 32 On this basis, CIT-K was considered the crucial downstream effector of the ECT2 (Pbl in Drosophila)/RhoA axis that drives acto/myosin ring contraction during cytokinesis. 18 However, loss of function studies revealed that CIT-K is dispensable for furrow ingression, while it is required at late cytokinesis stages for abscission 33, 34 ( Fig. 1 ). At this stage, active RhoA is not required for the midbody localization of CIT-K, while CIT-K is essential to maintain active RhoA at midbody. Indeed, CIT-K can regulate the activation state of RhoA most likely through a scaffolding function, which could be mediated by its RhoA binding domain. 33 Electron microscopy analysis of human HeLa cells showed that CIT-K is particularly important to organize midbody structure. 35 Moreover in CIT-K-deficient cells the highly ordered arrangement of midbody proteins and the connection between the cortex and the central spindle microtubules are lost, which in turn leads to abscission failure. [35] [36] [37] Importantly, analysis of cell division in cells obtained from mutant mice and flies confirmed the physiological relevance of these observations. 5, 33 Live cell imaging of developing Flathead cortical slices suggested that CIT-K loss may lead to additional mitotic phenotypes, such as metaphase arrest and abnormal spindle function. 38 In agreement with this possibility, it was found that CIT-K loss is recruited by the microcephaly protein ASPM to the spindle and spindle poles, where it promotes the correct organization of astral MT, thus allowing the anchorage to cell cortex required for proper spindle orientation. 13 CIT-K-depleted HeLa cells, mouse and Drosophila CIT-K knockout neural progenitors show increased ratio of cells dividing with tilted cleavage angles, which in knockout mice correlated with increased frequency of cell cycle exit. 13 The simultaneous presence of cytokinesis failure and apoptosis in CIT-K knockout mammals raised the question of whether, in this context, programmed cell death is a secondary consequence of cytokinesis failure. This point was controversial, since it has generally been found that cytokinesis failure leads to cell cycle arrest, rather than to apoptosis. [39] [40] [41] A different interpretation has recently been provided by a study showing that CIT-K loss leads to high levels of spontaneous DNA double strand breaks and strongly activates P53 42 (Fig. 1) . Apoptosis, microcephaly and neurological phenotypes that characterize CIT-K null mice, including early post-natal lethality, can be significantly reverted by P53 inactivation. DNA double strand breaks (DSB) accumulation and increased sensitivity to ionizing radiations were also observed in Drosophila and in immortal cell lines. Importantly, in all these cases increased DSB occurred not only in tetraploid cells, but also in cells with normal DNA content, indicating that CIT-K is necessary to maintain genome stability independently of its action in cytokinesis. 42 On this basis, the microcephaly caused by CIT-K loss is very likely to result from a combination of massive apoptosis and increased cell cycle exit. The former is produced by P53 activation, which could be the end point of DNA damage accumulation. 42 The latter could be caused by P53 activation at sub-apoptotic levels, but also by P53independent mechanisms. Indeed, despite the elimination of the apoptosis, CIT-K/P53 double knockout mice show only a partial rescue of brain size and display a P53-independent growth inhibitory signature during development. 42 A decrease of the ratio between proliferative and differentiative divisions of neural progenitors could be one of the possible P53independent events. This mechanism has been proposed in the case of other microcephaly genes, such as ASPM, WDR62 or MCPH1. 43 Moreover, P53-independent pathways could be engaged by cytokinesis failure, which may trigger senescence 39 or activate the Hippo pathway. 40 The altered microtubule dynamics documented in CIT-K-deficient cells 13, 44 could be the common cause of all these phenotypes, since it has recently been found that a modest increase of mitotic length due to microtubule instability is sufficient to produce in neural progenitors both DNA-damage and apoptosis. 45 The multiple pathogenetic mechanisms activated by CIT-K loss are probably the reason why MCPH17 is one of the most severe forms of primary microcephaly. 23, 24 CIT proteins in neuronal differentiation and function
The transition from neurogenesis to neural differentiation is accompanied by the dramatic switch in CIT isoforms, with downregulation of CIT-K and upregulation of CIT-N, 7, 10 suggesting that these proteins play complementary roles in neuronal differentiation and function. However, relatively high levels of CIT-K mRNA are still present in post-mitotic neurons within the neocortex and in the thalamus. In situ hybridization experiments, using a kinase domainspecific probe, showed that CIT-K expression in the cortex is regionally restricted and becomes much stronger in the most superficial layers, suggesting an involvement in the differentiation of specific neuronal populations. In support of these observation, in neuroblastoma cell lines, neurite outgrowth is reduced by CIT-K overexpression and increased by CIT-K kinase dead mutants. 11 In dorsal root ganglia neurons (DRGN), CIT-K expression is induced in vivo by traumatic injury and CIT-K knockdown stimulates neurite outgrowth in vitro, even in presence of the inhibitory signals given by myelin extracts. 46 Similarly, siRNAs directed to both isoforms increased axon extension in cultured primary hippocampal neurons, which express almost exclusively CIT-N. 47 Altogether, these studies suggest that the two isoforms may physiologically cooperate to limit neurite extension during neuronal differentiation. In young neurons, CIT-N may also exert complex time-dependent effects on the architecture of the Golgi, by locally modulating actin polymerization through RhoA anchoring 15, 47 (Fig. 1) . In mature neurons, the localization of CIT-N to spine-associated Golgi compartments and to the PSD is functionally relevant for spine maturation and maintenance. 9, 48 CIT-Ndepleted neurons in culture show an absolute reduction of spines density and a relative increase of immature spines 9, 48 (Fig. 1) . Importantly, the requirement of CIT-N for spine maturation was validated in vivo, by comparing CIT-K knockout mice with a total loss of function mutant, lacking both CIT-K and CIT-N. 9 Although spine density was similarly reduced in both lines, mice lacking both isoforms have an increased ratio of morphologically immature spines. Even for this activity, CIT-N was found to act more as an anchoring protein for active RhoA than as a downstream effector. 9 Due to the early neonatal lethality by epilepsy associated with both alleles, it is still unclear whether these difference may have neurophysiological and behavioral consequences.
Molecular complexes and mechanisms of CIT proteins, at the interface between actin and microtubules
Considering the different functions of CIT proteins in proliferating cells and in post-mitotic neurons, it is not surprising that they may physically and functionally interact with many different partners (Fig. 1) . In dividing cells, the interaction with active RhoA 49 and the association with actin filaments 34 are both involved in localizing CIT-K at the cleavage furrow, where it can also interact with the septin-and actin-binding protein Anillin. 33, 34 Moreover, CIT-K interacts directly through its CNH region with Aurora B, INCENP and Borealin, three components of the Chromosomal Passenger Complex (CPC), which localize at different sites and regulates key mitotic events, including the organization of contractile apparatus and midbody. 1, 35 CIT-K also interacts, through its coiled-coil region, with the kinesins KIF14 and KIF23/MKLP1. KIF14 is recruited to the midbody by CIT-K, and both proteins cooperate to focus KIF23 and the microtubule-bundling protein PRC1 at the midbody. 14, 36, 37 Conversely, it has been proposed that KIF14 may be crucial to localize CIT-K to the midzone. 14, 50 Although the inter-dependence between CIT-K and KIF14 for their correct localization to the midbody may be context-dependent, a strong functional link between the two proteins is suggested by the finding that KIF14 knockout mice seem to phenocopy CIT-K knockout. 51 Thus, CIT-K may contribute to the stability of midbody by bridging CPC proteins with midbody ring kinesins MKLP1 and KIF14. 1 Additionally, it has recently been proposed that CIT-K may regulate midbody stability by increasing indirectly the phosphorylation of TUBB3 on S444, through its association with CK2a. 44 This mechanism could partially explain the tissue specificity of CIT-K sensitivity, since high levels of TUBB3 are expressed by cells that are more sensitive to CIT-K loss (such as committed neuronal progenitors), while modulation of TUBB3 expression levels modifies the sensitivity of cells to CIT-K depletion. 44 Finally, CIT-K may strengthen the structure of the midbody by promoting cortical anchorage of the intercellular bridge, through its interactions with both actin and microtubule-associated proteins. 1 Altogether, these mechanisms justify the master role of CIT-K in midbody maturation, and may represent a basis to further assess why it is critically important in neural progenitor but can be compensated in other cell types.
CIT-K interacts physically with RanBPM, a scaffolding protein that localizes to the plasma membrane and adherens junctions of polarized epithelial cells. 52 Correct CIT-K localization during mitosis and normal progression through M-phase of neural progenitors depend on RanBPM expression, suggesting that RanBPM could facilitate progression through mitosis and into cytokinesis through CIT-K. 52 Another crucial microtubule-related partner of CIT-K is the microcephaly protein ASPM, which is required to focus the minus ends of spindle microtubules and is responsible for CIT-K localization to spindle poles. 13, 53 The two proteins act in a pathway that regulates nucleation and stability of astral microtubules, thus promoting the interaction between mitotic spindle and cortex. 13 Spindle-associated CIT-K may promote the stability of astral microtubules through the CK2a/TUBB3 axis (unpublished data), while it is not clear how it could mediate microtubule nucleation. It has recently been demonstrated that ASPM forms a physiological complex with Katanin, 54 a conserved microtubule-severing protein complex that is also linked to microcephaly. 55, 56 ASPMkatanin complex is required for correct spindle orientation, probably through a combination of microtubule-severing and minus-end blocking activities. 54 Therefore, it would be very interesting to analyze whether CIT-K is involved in these activities.
The significance of the ASPM/CIT-K interaction is potentially more widespread, since ASPM can also localize at the midbody and influence citokinesis. 53, 57 Moreover, as in the case of CIT-K knockdown, ASPM loss leads to the accumulation of DNA damage. 58 Since ASPM is the most commonly mutated microcephaly gene (MCPH5), unraveling the details of this interaction could be very important for the definition of common microcephaly mechanisms.
Initial characterization of the mechanisms leading to DSB accumulation after CIT-K loss have shown that it could derive, at least in part, by decreased efficiency of the Homologous Recombination (HR) pathway, due to reduced recruitment of RAD51 to DNA damage foci. 42 This view is further supported by the identification of physical interactions of CIT-K with KIF4A 59 and CDKN1B (P27KIP1), 60 which have both been implicated in RAD51 loading at DNA repair foci.
However, since increased accumulation of DSB after IR was found also in cells in G1, 42 in which RAD51 is weakly expressed and HR is not very relevant, it is possible that CIT-K may also be involved in Non-Homologous End Joining.
In the case of differentiating and mature neurons, the activity of CIT proteins has been associated more with the actin cytoskeleton than with microtubules. Indeed, in mature brain, CIT-N interacts with many actin-remodeling proteins implicated in the transduction pathway of Rho small GTPases, including ROCK-II, LIMK, P116Rip and PIIa. 15 In addition, CIT-K and CIT-N interact with TTC3, one of the proteins encoded by the Down syndrome critical region, which has been found to increase active RhoA levels and potently inhibits neuronal differentiation. 61 Consistent with this scenario, in neuronal cells CIT-N locally promotes RhoA recruitment and actin polymerization at Golgi and spines. 9, 15 Moreover, the inhibitory effects of CIT proteins on neuronal differentiation can be reverted to a large extent by decreasing RhoA activity and actin polymerization. 47 However, recent studies have shown that also CIT-N could act at the interface between microtubules and actin. Indeed, CIT-N promotes actin polymerization at spines downstream of p140Cap, a Src-interacting protein associated to microtubule plus-tip protein EB3. 48 To this regard, it is also interesting to notice that CIT-K has been described as a direct substrate of Src, in an Eph-initiated signal transduction pathway leading to cytokinesis inhibition. 62 Together, these results suggest that phosphorylation by Src could be a common mechanisms to regulate the interaction of CIT proteins with their partners. Finally, CIT-K was identified in a Two Hybrid screen as one of the interactors of the protein encoded by the Disrupted In Schizophrenia 1 gene (DISC1), which is one of the most recurrent genetic risk factor for bipolar disorder, schizophrenia and other psychiatric disorders. 29 DISC1 has important interactions with both actin and microtubule cytoskeleton, and may affect neural cell proliferation as well as dendritic spine dynamics. 63 This interaction could be crucial to understand how CIT proteins may play a role in psychiatric disorders. The finding that the CIT variants more closely associated with psychiatric phenotypes map close to the exons encoding the DISC1 interacting region seems to support this scenario. 29 However, more studies are certainly required to clarify this point.
Concluding remarks
Work performed in the last few years has significantly extended the current knowledge about the complex biological functions of CIT proteins, especially with regard to their role in cytokinesis and mammalian CNS development. Nevertheless, some outstanding questions still remain. An important point will be to better define the relative contribution of CIT-K and CIT-N to post-natal brain function. Indeed, although the higher expression of CIT-N suggests that this is the pivotal CIT isoform in adult brain functions, most of the studies so far performed made use of reagents directed against common CIT regions. Addressing this point in relation to higher CNS functions will be particularly critical, especially because psychiatric phenotypes are related to alterations that may increase the expression of CIT-K, whose effects are potentially drugable.
A second important point will be to better understand to what extent the mechanisms that lead to microcephaly after CIT-K loss are shared by other microcephaly syndromes of genetic or non genetic origin, in order to identify possible common therapeutic strategies. Finally, it will be very interesting to better elucidate why developing and adult mammalian tissue have a restricted requirement for CIT-K, while tumor cells and lower organisms show a general requirement.
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